Summary. Formalin-killed cells of Pseudomonas aeruginosa strain M-24 elicited an antibody-independent protective effect against P . aeruginosa infection in mice. The effect was observed as early as 6 h after administration and 100% protection was obtained by 48 h. The protective effect could not be attributed to the production of specific antibody. In M-24-treated mice, the bacteria in the peritoneal cavity, blood and liver were eliminated 12 h after P. aeruginosa infection. This suggested that the protective effect was due to enhanced bacterial elimination. The percentage of macrophages in the peritoneal cavity was increased after M-24 administration. Furthermore, the enhanced bacterial elimination was abrogated by treatment of mice with 60Coirradiation or carrageenan. These findings suggest the involvement of macrophages in the enhanced bacterial elimination observed. The chemiluminescence of peritoneal exudate cells from M-24-treated mice was markedly increased when compared with that of cells from untreated mice. The ability to kill P . aeruginosa in vitro was also greater in macrophages from mice treated with killed M-24 than in cells from proteose-peptone-treated mice. The M-24-treated mice showed enhanced nonspecific protection against infection with lethal doses of P . aeruginosa, Escherichia coli or Listeria monocytogenes. However, susceptibility to LPS in mice was not increased by M-24 treatment. These results suggest that macrophage activation without increasing LPS susceptibility was responsible for the antibody-independent protection induced by killed M-24.
Introduction
Pseudomonas aeruginosa is one of the most important causes of nosocomial infections that are frequently lethal in burned and other compromised hosts (Benett, 1974; Reinharz et al., 1979; Lieberman et al., 1980) . In veterinary medicine, it is also an important pathogen that causes haemorrhagic pneumonia in minks (Shimizu et al., 1974) . It has been reported that vaccination with killed whole cells of P. aeruginosa protects animals against infection (Halen et al., 1966) . The effect of vaccination is believed to be mediated by specific antibodies. In 1971, we encountered pyocyanosis in minks at a mink breeding ground in Aomori Prefecture, Japan. We immediately isolated the causative bacterium, P . aeruginosa strain M-24, and administered formalin-killed whole cells as an autogenous vaccine to all the minks on the farm. The effect was outstanding; no more animals contracted the disease after inoculation with the killed M-24 vaccine even though an outbreak had already started (Saito et al., 1972) . We did not determine whether the effect was antibody-mediated, or, as we suspected, the result of some antibody-independent mechanism judging from its rapid effect. In the present study, we have investigated the protective mechanisms which are induced shortly after administration of killed M-24 in mice.
Materials and methods

Mice
Specific pathogen-free BALB/c female mice (6-8 weeks old) were used in the experiments. The mice were T. FUJIMURA ET AL.
obtained from Shizuoka Laboratory Animal Center, Shizuoka, Japan. Each experimental group consisted of 5-10 mice.
Bacteria
P . aeruginosa strain M-24, Listeria monocytogenes strain EGD, Escherichia coli strain 026 : K60, and Klebsiella pneumoniae ATCC 27736 were used. P . aeruginosa, E. coli and K. pneumoniae were cultured on Tryptose Agar (Difco) at 37°C for 18 h for use in each experiment. L. monocytogenes was cultured in Tryptic Soy Broth (Difco) at 37°C for 12-18 h. Afterwards, the cells were washed repeatedly, suspended in phosphate-buffered saline (PBS), and stored at -70°C.
Preparation of killed cells of strain M-24 and determination of protective efect P . aerugimsa strain M-24, isolated from a mink, was cultured on Heart Infusion Agar (Difco) at 37°C for 18 h. After overnight treatment with formalin 0.4% in PBS, the concentration of killed bacteria was adjusted to 2.5 x lo8 cells/ml with PBS and used as a killed vaccine. Mice were given intraperitoneal injections of 0.2 ml of the killed strain M-24 (5 x lo7 formalin-killed bacteria). To assess the protective effect of the vaccine, groups of mice were challenged intraperitoneally with a lethal dose of viable P . aeruginosa 6, 12, 24, 48 or 72 h after treatment with killed vaccine. Survival of mice was recorded for 7 days.
Determination of untibody levels
After inoculation of the killed M-24 cells, blood samples were collected over a period for the assay of antibodies against whole cells, original endotoxin protein (OEP), and elastase and protease from P . aeruginosa. Groups of mice were given the killed vaccine 7, 3 or 2 days before the blood sampling. On the same day, serum from individual mice was collected, heat inactivated, and two-fold dilutions were made with PBS. The antibody against whole cells was assayed by agglutination of the formalinised cells. Diluted serum samples (25 pl) were each mixed with an equal volume of suspension of formalinised cells (OD660 = 0.2) in the well of a 96-well microtitration plate (Falcon 391 1, U-bottomed). After incubation at 37°C for 2 h, then at 4°C overnight, the highest dilution showing macroscopic agglutination was taken as the antibody titre. The antibodies against OEP, elastase and protease were assayed by the microtitration method of Homma (Tomiyama et al., 1973) with sensitised red-blood cells.
Determination of the bacterial count
Mice were inoculated with 1 x lo7 viable bacteria in PBS, or 1 x lo8 bacteria intravenously. At various times after inoculation, blood was collected by cardiac puncture, then the liver was removed. Individual organs were homogenised in 10 ml of PBS with Teflon homogenisers. The homogenised suspensions and blood were serially diluted in 10-fold steps with PBS, and 0.1 ml of each dilution was spread on to tryptose agar. Each dilution was plated in triplicate. Colonies were counted after incubation for 20 h at 37°C.
Coirradia t ion
Mice were exposed to 500 R of whole body 60Coirradiation and infected 2 days later. The radiation was delivered by a Hitachi TRC-300 machine.
Carrageenan
Carrageenan type I1 (Sigma Chemical Co., St Louis, MO, USA) was dissolved in distilled water to a concentration of 5 mg/ml and injected intraperitoneally at a dose of 200 mg/kg 24 h before infection.
Diflerential cell counts of peritoneal cells
Cold Hanks's Balanced Salts Solution (HBSS) was injected intraperitoneally into mice and peritoneal cells were collected. Differential cell counts were performed with ANAE-stained smears (Horwitz et al., 1977) by light microscopy.
Luminol-dependent chemiluminescence assay
Peritoneal exudate cells (PEC) were harvested from seven mice 48 h after injection of killed M-24 and also from seven untreated mice. Pooled PEC were washed twice and resuspended to give 3 x lo7 cells/ml in Buffer 11-HEPES-buffered salt solution containing 145 mM NaC1,S mM KC1,5.5 mM glucose, 10 mM HEPES, pH7.4 (Labo Science Co., Tokyo, Japan). In a polystyrene tube, 50 pl of the PEC suspension (1.5 x lo6 cells) were mixed with 0.05 ml of Buffer I (Buffer I1 supplemented with 1 mM CaCl,). Then 0.2 ml of a suspension of P . aeruginosa adjusted to 1.5 x 10' cfu/ml in Buffer I1 was added. As luminophor, 0.1 ml of luminol solution (Labo Science Co.) was added. The luminescence was measured in a Lumiphotometer TD-4000 (Labo Science Co.).
Phagocytosis and intracellular killing in vitro
This was performed by a modification of the method of Miyata et al. (1984) . PEC were harvested from the peritoneal cavity of mice 3 days or 2 days after injection of 2 ml of proteose-peptone (Difco) 10% w/v or killed M-24, respectively. In each case, about 70% of the cells were macrophages. Proteose-peptone-induced PEC (5 x lo6) or killed M-24-induced PEC (5 x lo6) were mixed with 2.5 x lo6 viable P . aeruginosa cells in RPMI 1640 medium supplemented with gelatin 0.1% and fresh normal mouse serum 5%. The mixtures were incubated with stirring at 37°C. Samples were collected after 0, 30,60,90, 120 and None 150 min. The PEC were disrupted with cold distilled water, and the viable bacteria inside and outside the cells were counted by culture on tryptose agar.
Cytostatic activity of peritoneal macrophages PEC were washed three times with HBSS and suspended to give 4 x 1 O6 cells/ml in RPMI 1640 medium supplemented with fetal calf serum (FCS) 10%. After plating 2 x lo5 or 4 x lo5 PEC in microculture plates, they were incubated for 2 h in a C 0 2 incubator at 37°C. Nonadherent cells were removed by washing twice with warm HBSS plus FCS 10%. P-815 mastocytoma cells were added, 2 x lo4 cells/well, and cultured for 15 h. The mixed cultures were pulsed with "I-UdR and incubated for a further 9 h. The cells were harvested on filter paper with a Lab0 Mash Semi Automatic Harvester (Labo Science Co.). The incorporation of 251-UdR into P-815 cells was counted in a y-counter. The rate of cytostasis was determined according to the following formula : 
Non-specijicity of the efect of M-24 treatment
The killed M-24 vaccine was injected into mice, and 48 h later the mice were challenged with lethal doses of P. aeruginosa, E. coli, K. pneumoniae or L. monocytogenes. Seven days after the challenge, the cumulative survival rate was calculated for each group of mice.
Susceptibility of M-24-treated mice to a lethal dose of lipopolysaccharide (LPS)
LPS from E. coli, strain 01 1 1 : B4 (Difco) was dissolved in PBS at concentrations of 300, 400 or 500 pg/ml; 48 h after injection of the killed M-24, each concentration of LPS was injected intraperitoneally into groups of mice, and their survival was observed for 7 days.
Statistical analysis
Statistical significance of the experimental data was examined by Student's t test. A p value < 0.05 was taken as the level of significant difference.
Results
Survival rates after challenge with P. aeruginosa
The protective effect of killed M-24 against primary infection with P. aeruginosa was assessed. All of the untreated mice died by day 2 after challenge with 1 x lo7 cfu of viable bacteria. A significant level of protection was observed in mice treated with killed M-24. Even in mice given killed M-24 6 h before the challenge, 67% survived the infection. When mice were challenged 48 or 72 h after M-24 treatment, 100% survival was obtained ( fig. 1 ).
Determination of antibody levels P. aeruginosa-specific antibody was determined after inoculation of killed M-24. None of the sera obtained within 72 h after inoculation contained antibodies against OEP, elastase, protease, or whole cells of P. aeruginosa strain M-24 (table I). Wholecell agglutinating antibody was detected only in the sera obtained from mice 7 days after inoculation. These results suggested that the protective effect of killed M-24, which had been observed as early as 6 h after treatment, did not depend upon specific anti body. Eflect of M-24 treatment on the elimination of P . aeruginosa To determine whether the protective effect observed in a short period after killed M-24 treatment was attributable to enhanced bacterial elimination, bacterial numbers in various organs were estimated 12 h after the challenge. In untreated mice, injected bacteria seemed to spread easily from the peritoneal cavity throughout the body. In mice treated with killed M-24, the counts of viable bacteria in all organs examined were significantly lower (p < 0.001) than in organs from the untreated group. No viable bacteria were detected in the blood from the M-24-treated group ( fig. 2) .
Changes in population of peritoneal cells
Since it was evident that some mechanism other than specific antibody was playing a role in killed M-24-induced early protection, the population of peritoneal cells was determined. After an intraperitoneal injection of killed M-24 into mice, PEC were collected over a period and the cell population was analysed. A significant increase (p < 0.005) in macrophage numbers was observed as early as 24 h after injection of killed M-24. In contrast, lymphocytes showed a transient decrease in number ( fig.  3 ). There was no marked change in the percentage of polymorphonuclear leucocytes (PMNLs).
Efect of ionising radiation on killed M-24-induced protect ion
Ionising radiation is reported to impair radiationsensitive phagocytic cells (Kaplan et al., 1952 ; Benacerraf et al., 1959; Volkman and Collins, 1971) . To evaluate the contribution of phagocytic cells to killed M-24-induced protection, the effect of 500 R of whole-body irradiation was determined on killed vaccine-induced protection. The group given killed M-24 showed a continuous elimination of the bacteria with time ( fig. 4 ). In the untreated group, the bacteria were eliminated up to 8 h after infection, but thereafter bacterial growth was observed. The 60Coirradiated group showed a similar pattern of bacterial elimination but subsequent growth similar to that observed in the untreated group. Whole-body irradiation com- pletely abrogated the bacterial elimination induced by killed M-24, suggesting that a 60Coirradiation-sensitive factor was involved in the expression of the protection in the killed M-24-treated group.
Eflect of carrageenan on the group treated with killed
This experiment was to study the effect of carrageenan, a macrophage blocking agent, on the protective effect of killed M-24 against intravenous infection. In control animals, there was a significant difference (p < 0.001) in the number of bacteria recovered between the group given killed M-24 and the untreated group 12 h after infection; this protection was completely abrogated by the treatment with carrageenan 24 h before the challenge ( fig. 5 ). The number of bacteria in unvaccinated mice treated with carrageenan only was the same as that in untreated, unvaccinated mice. These results suggest that a carrageenan-sensitive factor, presumably macrophages, contributes to the enhanced bacterial elimination in the liver of the killed M-24-treated mice.
M-24
Phagocytic activation of peritoneal macrophages as determined by luminol-dependent chemiluminescence Luminol-dependent chemiluminescence was measured to study the functional activation of PEC in mice given killed M-24. The peak response in the killed M-24-treated mice was about 45 times higher than that in the untreated mice (p <0.001) (table 11). The differential cell counts of PEC are also shown in table 11. There was no significant difference in the proportion of PMNLs between two groups. The percentage of macrophages amongst cells from the killed M-24-treated group was about two-fold higher than in cells from the control group. Therefore, the vast difference in peak chemiluminescence response between the two groups could not be explained only by the difference between the absolute numbers of macrophages in a given number of test cells. This strongly suggested that the peritoneal macrophages in the killed M-24-treated mice were in an activated state.
Determination of macrophage activity in vitro
In this experiment, proteose-peptone-induced PEC were used as control cells so that the same percentage of macrophages were obtained as in PEC from mice given killed M-24. The ability of macrophages to kill P . aeruginosa in vitro was greater in the mice treated with killed M-24 than that in proteose-peptone-treated mice ( fig. 6 ). When these PEC were examined for their cytostatic activity against P-8 15 mastocytoma cells, macrophages from killed M-24-treated mice showed an increased cytostasis by 5040% compared to those from mice injected with proteose peptone (not shown). These results strongly suggested that the macrophage activity in killed M-24-treated mice was higher that that in control mice stimulated with peptone.
Non-specificity of the protective eflect of killed M-24
As shown in table 111, killed M-24-treated mice were protected against infection by a lethal dose of *Survival was calculated after observation for 7 days; each group consisted of 5 to 10 mice.
P . aeruginosa, E. coli or K . pneumoniae. Furthermore, 100% protection was observed against L. monocytogenes infection, protection against which depends on activated macrophages. This result indicated that the effector in M-24-induced protection was non-specific.
lethal effect of LPS in animals (Peavy et al., 1979; Yoshikai et al., 1982 Yoshikai et al., , 1983 La1 et al., 1983) . Therefore, we investigated whether there was any change in the susceptibility to LPS in mice after treatment with killed M-24. As shown in table IV, the killed M-24-treated mice showed increased resistance to lethal doses of LPS. Even after injection of 500 pg of LPS, a 100% lethal dose for control mice, two mice out of five survived. Susceptibility of the killed M-24-treated mice to the lethal eflect of LPS Some macrophage activating agents, including BCG and C. parvum, enhance susceptibility to the Table IV . Susceptibility of mice treated with killed M-24 to lethal doses of LPS
Discussion
As we had previously observed, killed M-24 induced a high level Of protection against infection with P . aeruginosa in mice. The protection against P . aeruginosa appeared as early as 6 h after administration of killed M-24. Complete protection was obtained 48 h after administration; however, there was no detectable serum antibody at that time. When serum was taken 48 h after M-24 treatment and transferred to non-immune mice before challenge with a lethal dose of P . aeruginosa, there was no difference in the mortality of the recipient mice from control mice given normal serum (data not shown). These results suggest the induction of some antibody-independent protective mechanism by administration of killed M-24. A similar finding was reported previously by Jones (1971) . A single injection of vaccine prepared from a culture filtrate of P . aeruginosa afforded a protective effect against infection with homologous bacteria as early as 2 days after vaccination. It was reported that specific antibody was not detected in the serum of vaccinated mice even on day 3 after vaccination, suggesting the possible contribution of non-specific factors other than antibodies to the early protective effect.
Mice treated with killed M-24 eliminated bacteria from the peritoneal cavity, liver and blood very efficiently. This observation indicated that the protection induced by killed M-24 was based on enhanced elimination of the bacteria. This was abrogated by whole-body 6oCo irradiation, which impairs both PMNLs and macrophage activity (Tatsukawa et al., 1979) , as well as by treatment with carrageenan which impairs cells of the macrophage series only (Catanzaro et al., 197 1) . These findings suggested that macrophages were responsible for the killed M-24-induced protection against P . aeruginosa. After treatment with killed M-24, about 70% of the PEC were macrophages, indicating an increase in macrophage count. There was no marked change in the percentage of PMNLs. We then investigated whether the enhanced elimination was due merely to a numerical increase or, in addition, due to enhanced activity of the macrophages. Phagocytes including monocytes, macrophages and PMNLs, emit luminescence with a peak at 570 nm during phagocytosis. Using our chemiluminescence assay as an indicator of the degree of activation of these cells, we found that chemiluminescence from PEC from killed M-24-treated mice was c. 50-fold greater than that of PEC from the control mice. This difference could not be attributed to the numerical difference of macrophages or PMNLs in the test cells.
Further evidence for macrophage involvement in M-24-induced protection was obtained by demonstrating enhanced ability of macrophage-rich PEC to kill P . aeruginosa in vitro. So-called activated macrophages possess antitumour activity (Keller, 198 1 ; Meltzer, 198 1) . Macrophages from M-24-treated mice were shown to possess enhanced cytostatic activity against P-8 15 mastocytoma cells. These results strongly indicated that macrophages are activated in mice 48 h after treatment with killed M-24. It has been suggested that antibody plays a crucial role in vaccine-induced protection against the development of sepsis and other lethal effects of infection with massive doses of P.
aeruginosa (Fukutome et al., 1980) . In this study, we have demonstrated a novel finding that an antibody-independent protection can be induced by killed M-24 and that macrophage activation plays a major role in its expression.
An important approach to controlling infection with P . aeruginosa is immunisation with a vaccine capable of inducing specific antibodies. Another approach is the induction of non-specific resistance against P . aeruginosa. Both C. parvum and BCG activate macrophages when administered in vivo. However, it has been reported that mice treatment with C. parvum or BCG increases mortality in mice after infection with E. coli or P . aeruginosa (Peavy et al., 1979; Yoshikai et al., 1982 Yoshikai et al., , 1983 La1 et al., 1983) . This phenomenon seems to be due to enhanced susceptibility to the lethal effect of LPS from gram-negative bacteria, which is induced in association with macrophage activation (La1 et al., 1983) . In this respect, the non-specific resistance induced by killed M-24 is of considerable interest since macrophage activation could be obtained without accompanying increased susceptibility to LPS.
Bacterial endotoxin is one of several substances that activate macrophages (Allison, 1978) . The effects of LPS-activated macrophages include tumour cell cytolysis and production of superoxide anion (William and Henson, 1978; Pabst and Johnston, 1980; Schade, 1986) . Therefore, it is possible that LPS contained in the whole-cell preparation of killed M-24 was responsible for the macrophage activation observed in this study. It is also possible that LPS in killed M-24 might induce endotoxin tolerance. A dose of endotoxin as low as 10 pg induced endotoxin tolerance with a peak at 24-48 h, and this has been linked to antibodyindependent resistance to infection (Morrison and Ryan, 1979) . We also induced endotoxin tolerance in mice by administering LPS from E. coli, and challanged the mice with a lethal dose of P . aeruginosh 48 h later. However, we did not observe any enhancement of the elimination of bacteria from liver, blood and peritoneal cavity as observed in M-24-treated mice (data not shown). Taken with our earlier findings, we conclude that the protective effect of killed M-24 was not simply due to endotoxin tolerance, but that macrophage activation, without an accompanying increase in LPS susceptibility, is playing an important role.
Whole cells of Lactobacillus casei have been reported to augment the host defence against infection by P . aeruginosa without increasing the susceptibility to LPS (Miake et al., 1985) . Lipoteichoic acid from L . casei seems to be partly responsible for this protective effect (Setoyama et al., 1985) . P. aeruginosa does not possess teichoic acid as a surface component so there must be some other component responsible for the macrophage activation and enhanced resistance to various species of bacteria as observed in this study. The
